We synthesized poly(4-vinylbenzyltributylammonium hexanesulfonate) (P[VBTBA][HS]), a poly(ionic liquid) that shows lower critical solution temperature (LCST), via the anion exchange reaction of poly(4vinylbenzyltributylammonium chloride) (P[VBTBA][Cl]) with sodium hexanesulfonate in order to investigate its suitability as a draw solute for the forward osmosis (FO) process. P[VBTBA][Cl] was obtained by the free radical polymerization of (4-vinylbenzyltributylammonium chloride [VBTBA][Cl]) monomer acquired by the Menshutkin reaction. The FO performance and recovery properties of the synthesized materials were systematically investigated. For example, the LCST of P[VBTBA][HS] was observed to be $17 C at 20 wt%, while no LCST was observed for [VBTBA][Cl] monomer and P[VBTBA] [Cl] polymer before the anion exchange reaction, indicating that P[VBTBA][HS] can be recovered from the aqueous solution by heating it to above its LCST. Moreover, in an active layer facing the feed solution (AL-FS) system containing 20 wt% aqueous P[VBTBA][HS] solution at 15 C, the water flux and reverse solute flux of P[VBTBA]
Introduction
Since the global water shortage is becoming serious everywhere, a supply of clean water plays a crucial role in our lives. 1, 2 The development of water purication technologies is essential in the pursuit of this goal. As water purication technologies have been diversely developed over a long time, forward osmosis (FO) has been investigated with great research attention because of its unique features and some views on the problem of the energy crisis. [3] [4] [5] Unlike conventional pressure-driven membrane processes, FO has several advantages such as low energy consumption, 6, 7 reduced membrane fouling potential, 8 and easy membrane washing as compared with other methods. 9 As an emerging membrane technology with low-energy consumption, FO having these merits has been widely studied for various applications such as seawater/brackish water desalination, [10] [11] [12] wastewater treatment, 13, 14 power generation, [15] [16] [17] food processing, [18] [19] [20] removing metal ions 21 and molecules, 22 and concentration of pharmaceuticals. [23] [24] [25] In the FO process, penetration of a semipermeable membrane by water molecules is driven by the osmotic pressure difference between the feed and draw solutions. The osmotic pressure, a driving force in the FO process, is a natural phenomenon that can render the energy consumption extremely low or almost zero; 26 this could be one of the most charming aspects of FO under the stress of energy crisis. In order to nally obtain pure water, a recovery step of the draw solute is required to separate the draw solute and pure water in the draw solution. 4 Even though many studies have been performed regarding the draw solute, there still a need for more research on the recovery methods and their energy efficiency in order to commercialize the FO process. 27 A draw solute is a key factor inuencing the FO performance. An ideal draw solute should not only have high osmotic pressure for pure water production but also minimize the cost of reverse solute ux for replenishment. 28 In addition, a facile method to recover the draw solute is essential for minimizing the overall cost of the FO process. 29 In previous studies, many researchers have proposed a variety of draw solutes of diverse classes such as non-stimuli-responsive draw solutes 10,30-34 and stimuli-responsive draw solutes. [35] [36] [37] [38] [39] [40] Recently, various stimuliresponsive draw solutes have been reported by many researchers. For example, there are many kinds of stimuliresponsive draw solutes such as CO 2 -responsive, 35, 40 magneticresponsive, 36 salt-responsive, 37 and thermo-responsive draw solutes. 38, 39, [41] [42] [43] [44] [45] [46] [47] One of them, the thermo-responsive draw solute, is attractive for separating the draw solute and pure water owing to its easy recovery via simple temperature control. Thermo-responsive draw solutes with either lower critical solution temperature (LCST) characteristic or upper critical solution temperature (UCST) characteristic can be applied, and these behaviors can be exploited to separate pure water and draw solute by controlling the solubility of the latter with temperature changes. 36, [41] [42] [43] [44] [45] Many researchers have explored different types of thermo-responsive draw solutes having LCST and UCST characteristics for the FO process, which include homopolymers, 39, 45 copolymers, 38 oligomers, 36, 44 hydrogels, 46, 47 nanoparticles, 48, 49 and ionic liquids (ILs). The structures and thermo-responsive behaviors of ILs have been widely investigated over the decades. 50 ILs are considered as adequate draw solutes owing to the apparent recovery process and continuous recycling 42 as well as enough osmotic pressure induced by the ionic groups, which enables higher water ux. 51 Further research is still required in terms of improving the FO performance and energy efficiency of the recovery method, because of its lower water ux than that of the reverse osmosis (RO) process and incomplete separation of the draw solute. 52 The FO process using a thermo-responsive draw solute can be quickly implemented in the water treatment eld compared with other stimuli-responsive draw solutes, as the required thermal energy can be easily harnessed from heat sources such as geothermal and solar energy as well as the waste heat of industries. 53 In this study, we synthesized poly(4vinylbenzyltributylammonium hexanesulfonate) (P[VBTBA] [HS]), a poly(ionic liquid) having LCST behavior, as a possible draw solute candidate for the FO process. In addition, P[VBTBA]
[HS] is easy to synthesize via well-known reaction, cost of raw materials which were used for synthesis P[VBTBA][HS] is economic, and it is recyclable aer FO process. The suitability of P[VBTBA][HS] as a next-generation draw solute for the FO process was investigated systematically. This study includes the evaluation of the FO performance and recovery process using this draw solute, and can potentially contribute to the development of novel draw solutes for the FO process.
Experimental

Reagents and instrumentation
4-Vinylbenzyl chloride (90%) and tributylamine (99.5%) were purchased from Sigma Aldrich Co., LLC., and 2,2 0 -azobis[2-(2imidazolin-2-yl)propane]dihydrochloride (VA-044) was supplied by Wako Pure Chemical Industries, Ltd. Sodium hexanesulfonate (98%) was obtained from Tokyo Chemical Industry Co., Ltd. Diethyl ether (90%) and silver nitrate were acquired from Dae-Jung Chemicals & Metals Co., Ltd. All chemicals were used as received. Distilled water from a Human Power I+ water system (Human Co., Korea) was used in all experiments. Proton nuclear magnetic resonance ( 1 H-NMR) analysis was performed on an Agilent MR400 DD2 NMR spectrometer to identify the synthesized structure. Fourier transform-infrared (FT-IR) spectroscopy was performed on a Thermo Fisher Scientic Nicolet 380 FT-IR spectrometer for structural analysis through functional group identication. The FT-IR analysis was conducted in the attenuated total reection mode between 4000 and 670 cm À1 . Ion chromatography was performed on a Dionex ICS-3000 ion chromatograph system to identify existence of chloride ions aer anion exchange to hexanesulfonate ions. The rheological properties of the draw solution samples were determined with TA Instrument AR G2 stress control type. Aer preparing a draw solution at a given concentration, the osmotic pressure of sample was determined by measuring its freezing point with Semi-Micro Osmometer K-7400, Knauer, and the electrical conductivity was measured using a METTLER TOLEDO Seven2Go pro conductivity meter. The LCST was determined by observing the transmittance at the wavelength of 550 nm using an ultraviolet-visible (UV-Vis) spectrophotometer (V-1100 digital spectrophotometer, EMCLAB instruments) coupled with a temperature controller (TC-200P, Misung Scientic. Co. Ltd.). The water ux was assessed by measuring the difference in the height of the draw solution in a custommade U-shaped tube before and aer the FO operation. The reverse solute ux was observed by comparing the conductivity difference before and aer the FO test with a METTLER TOLEDO Seven2Go pro conductivity meter.
Preparation of 4-vinylbenzyltributylammonium chloride ([VBTBA][Cl])
4-Vinylbenzyl chloride (10 g, 0.066 mol) and tributylamine (12.23 g, 0.066 mol) were dissolved in acetonitrile (30 mL). Then, the mixture was magnetically stirred at 40 C for 24 h under a nitrogen atmosphere. The resultant solution was poured into diethyl ether to obtain a white precipitate, which was separated by ltration. The monomer, 4-vinylbenzyltributylammonium chloride ([VBTBA][Cl]), was nally recovered aer vacuum drying at room temperature (yield > 80%). 1 CH-Ph-)), 6.58-6.62 (d, 1H, (CH 2 ]CH-Ph-)), 6.63-6.68 (t, 1H, (CH 2 ]CH-Ph-)), 7.21-7.24 (d, 2H, (CH 2 ]CH-Ph-)), 7.37-7.41 (d, 2H, (CH 2 ]CH-Ph-)). 
Forward osmosis performance
The water ux was measured in a small-scale FO system using a custom-made U-shaped glass tube facing two L-shaped glass tubes using a clamp. We used a commercial thin lm composite FO membrane (Hydration Technologies Inc.), HTI-TFC, whose structure parameter is greater than 1000 mm, in the system. The , and pure water and 0.6 M NaCl aqueous solution were used as the feeds. The draw and feed solutions were stirred with a magnetic bar rotated using a solenoid (AS ONE, OCTOPUS CS-4) during the FO process. The water ux (J w , (L m À2 h À1 , abbreviated as LMH)) was calculated from the volume change of the draw solution using eqn (1) .
where DV (L) is the volume change of the draw solution over time DT (h) and A is the effective membrane surface area (4.15 Â 10 À4 m 2 ). The reverse solute ux (J s ) was also investigated by analyzing the quantity of the solute that diffused from the draw solution into the feed solution during the FO process and the total dissolved solid (TDS) of the feed solution was measured. The reverse solute ux (J s , g m À2 h À1 , abbreviated as gMH) was measured by comparing the TDS of the feed solution before and aer the FO process, using eqn (2) .
where DC (g L À1 ) is the change in the concentration of the feed solution aer time DT (h), DV (L) is the volume change aer time DT (h), and A is the effective membrane surface area (4.15 Â 10 À4 m 2 ).
Results and discussion
Synthesis and characterization of P[VBTBA][HS]
The synthetic route to P[VBTBA][HS], which has the chemical structure of a poly(ionic liquid), is shown in Fig. 1 [Cl] are presented in Fig. 2(a) . This 1 H-NMR spectrum demonstrates the presence of protons from the vinyl group of [VBTBA] [Cl] (d ¼ 5.68-5.75, 6.58-6.62 (peak f), and 6.63-6.68 ppm (peak g)) and the proton peaks from the phenyl ring of the styrene moiety (d ¼ 7.21-7.24 (peak h) and 7.37-7.41 ppm (peak i)). Further, the proton peaks from alkyl groups of tributylamine conrmed the presence of the sulfone group in the latter; the O]S]O stretching peak at 1037 cm À1 and the -S-O À stretching peak at 1184 cm À1 were observed only in the FT-IR spectrum of P[VBTBA][HS] (Fig. 3) . The FT-IR peaks of the sulfonate groups appeared at wavenumbers similar to those of sulfonate groups reported previously. 54, 55 To verify conversion to hexanesulfonate ions of P[VBTBA] [HS], we conrmed existence of chloride ions, via qualitative analysis, using silver nitrate. If chloride ions are not converted perfectly, a white precipitate of silver chloride will be formed when silver nitrate is added into solution of P[VBTBA][HS]. 56 When we dropped sliver nitrate into P[VBTBA][HS] solution, white precipitate was not observed in naked eyes. For close examination, quantitative analysis was performed by ion chromatography to conrm the concentration of chloride ions in P [VBTBA][HS] solution and it was measured to be approximately 0%. Consequently, we gured out that conversion of chloride ions to hexanesulfonate ions was almost 100%. Therefore, P [VBTBA][HS] was synthesized successfully and it was conrmed by 1 H-NMR, FT-IR, and ion chromatography analysis.
Viscosity
The viscosity of a draw solution can be key factor that affects the water ux in the FO process. A high viscosity of draw solution can induce concentration polarization (CP), which is subdivided into internal and external CP, in and/or on the membrane. Because this phenomenon signicantly reduces the effective osmotic pressure during the FO process, the viscosity of the draw solution greatly affects the FO performance. 57 We investigated the viscosity of the P[VBTBA][HS] solution according to the polymerization ratio (feed ratio of the initiator and monomer in the polymerization). The viscosities of the P [VBTBA][HS] solutions were measured at 10 C by varying the shear rate from 0.1 to 100 s À1 because the phase separation temperature (LCST) of P[VBTBA][HS] is higher than 10 C, as will be discussed later. Fig. 4(a) shows the viscosity according to the polymerization ratio. The viscosities of P[VBTBA][HS] solutions were found to be approximately 12.99, 19.36, 45.12, 70 .81, and 116.00 cP according to the initiator : monomer ratios of 1 : 20, 1 : 40, 1 : 60, 1 : 80, and 1 : 100 at 10 C, respectively, in the polymerization mixture. As expected, the viscosity of the draw solution prepared at the lowest initiator : monomer ratio was found to be the lowest. Therefore, we selected the draw solution having the lowest viscosity for the evaluation of the FO performance, because a relatively minimized CP phenomenon induced by the low viscosity of a draw solution can increase the water ux during the FO process. As shown in Fig. 4(b 
Electrical conductivity & osmotic pressure
Electrical conductivity refers to the degree of electrical activity of the draw solution and a high ion level in the draw solution elevates it if the electricity is susceptible. 60 Such an increase in the electrical conductivity could be attributed to the degree of generation of ions in the aqueous solution. The degree of ion generation is closely related to the osmotic pressure, as will be mentioned later. according to their concentration is shown in Fig. 5(a) . The electrical conductivity increases with increasing concentration of the draw solution since the poly(ionic liquid) dissociates and the ions are conductive in aqueous solutions. 61 Generally, the electrical conductivity of an aqueous solution is inuenced by major factors such as the ion activity and ion mobility. 62 According to the Debye-Hückel theory, ion activity, one of the determinants of the electrical conductivity, is susceptible to the ion size and ionic strength. 63 [VBTBA][Cl] and P[VBTBA][HS] are comprised of different anions, i.e., chloride and hexanesulfonate, respectively. While hexanesulfonate is larger than chloride, because of the bulky hydrophobic n-hexyl group, it has lower ionic strength than that of chloride; as a result, hexanesulfonate has relatively lower ion activity than that of chloride. 64 Moreover, it is also known that the electrical conductivity correlates with the ion mobility. 65 The larger size of the hexanesulfonate than that of the chloride ion imposes further constraints on its mobility in an aqueous solution. As the ion size increases, the anion in the viscous liquid is expected to move slowly, because a high uid resistance is exerted on the large ion. 62 Therefore, the electrical conductivity of P[VBTBA] [HS] in an aqueous solution is lower than that of P[VBTBA][Cl], owing to its lower ion activity and ionic mobility.
The FO process is operated by the osmotic pressure gradient between the feed and draw solutions to generate a driving force for water transport through the semipermeable membrane. The higher osmotic pressure of the draw solution than that of feed solution can create a driving force for water transport from the feed solution, causing higher water ux to the draw solution in the FO process. 50 In order to investigate the suitability of P [VBTBA][HS] as a draw solute, we measured the osmotic pressure by the freezing point depression method. For comparison, the osmotic pressure of its precursor, P[VBTBA] [Cl] , was also measured by the same method. Fig. 5(b [Cl]. For example, the measured osmotic pressure is approximately 40.0, 127.6, 227.6, and 245.0 mOsmol kg À1 at 5, 10, 15, and 20 wt%, respectively. Similar to the result of the electrical conductivity (Fig. 5) , the osmotic pressure of P[VBTBA][HS] is lower than that of P[VBTBA][Cl] in the same concentration range of 5 to 20 wt%. According to the Van't Hoff equation, the osmotic pressure correlates with the Van't Hoff coefficient, 66 which is a dominant factor affecting the solubility of a solute. 67 It has been previously reported that the molecular polarity and size are the signicant determinants of the solubility in water, which means that decreasing the molecular polarity and increasing the size can result in a decrease in the solubility. 10 In other words, P[VBTBA][Cl] having relatively higher polarity and smaller size of anionic moiety can have higher solubility than P [VBTBA][HS] in the aqueous state, and thus it can induce relatively higher osmotic pressure than P[VBTBA][HS]. 68 The Fig. 4 Viscosity according to the shear rate; (a) comparison of viscosity according to the initiator : monomer ratios in the polymerization mixture at 5 wt% (b) comparison of viscosity according to concentration at initiator : monomer ratio of 1 : 20 in the polymerization mixture. osmotic pressure is correlated with the water ux in the FO process, which is discussed later.
Water ux and reverse solute ux
The water ux and reverse solute ux were determined in an active layer facing feed solution (AL-FS) method using custommade glass tubes. A thin lm composite FO membrane was placed between two connecting glass tubes. One side was lled with the feed solution, while the other side was lled with the draw solution, P[VBTBA] [Cl] or P[VBTBA][HS] aqueous solutions at various concentrations (5-20 wt%). Fig. 6 shows the water ux and reverse solute ux of P[VBTBA][Cl] and P[VBTBA][HS]. The measurements were carried out at a temperature of 15 C, which is below the LCST, as will be mentioned later. The concentration of the draw solution is important in the FO performance because a high concentration of the draw solution induces a high osmotic pressure, thereby improving the water ux in the FO process. 30 As expected, the water uxes of P[VBTBA][Cl] and P[VBTBA][HS] improved with increasing concentration. For example, the water ux of P[VBTBA][Cl] was measured to be approximately 2.14, 4.29, 6.29, and 6.74 LMH at concentrations of 5, 10, 15, and 20 wt%, respectively. However, the water ux of P[VBTBA][HS] was lower than that of P[VBTBA][Cl]; it was measured to be approximately 2.29, 3.98, 5.21, and 5.85 LMH at the corresponding concentrations under the same condition, indicating that a higher osmotic pressure induces a higher water ux. Electrical conductivity and osmotic pressure are colligative properties that depend on the number of particles in solution. Therefore, electrical conductivity and osmotic pressure increased in direct proportion to the concentration of draw solution. 69, 70 On the other hand, the increment in water ux with increasing concentration of P[VBTBA][Cl] and P[VBTBA]
[HS] was gradually decreased owing to internal and external concentration polarization which reduce osmotic pressure during FO process as reported by other research groups. [71] [72] [73] The measurements of the reverse solute ux of P[VBTBA][Cl] and P [VBTBA][HS] were simultaneously carried out with the measurement of the water ux and reverse solute ux was determined by conrming the difference in the total dissolved solid in the feed solution before and aer the FO process. Previous studies have shown that the optimum operation of the FO process requires smaller size of the draw solute than the average pore size of the membrane in order to reduce the back diffusion of the draw solution. 74 The reverse solute ux of P [VBTBA][Cl] was measured to be approximately 0.61, 0.82, 1.65, and 1.68 gMH, respectively. However, the reverse solute ux of P [VBTBA][HS] increased slightly from 0.54 to 1.13 gMH when its concentration increased from 5 to 20 wt%. Unlike the water ux, the reverse solute ux, the back diffusion from the draw solution to the feed solution was conrmed to be very low in the measured concentration ranges. Fig. 7(a) , the FO performance of P[VBTBA][HS] can be maintained through four runs. Fig. 7(b 
Recovery properties
In the FO process, a recovery process of the draw solution is necessary to separate the draw solute from the draw solution to nally recover pure water, 75 which enables continued recycling of draw solutes. We conrmed the regeneration of the draw solution using its thermo-responsive property for recovery in order to investigate the feasibility of using the draw solute in a [VBTBA][HS] aqueous solution was found to have a critical temperature at which the phase change was observed according to the temperature, which plays a vital role in imparting recovery property to P [HS] aqueous solution can be simply separated from water by controlling the solubility by changing the temperature. When the solution temperature is lower than the LCST, the ion-water interaction becomes stronger than the ion-ion interaction between the quaternary ammonium cation and sulfonate anion moieties, and then P [VBTBA][HS] and water form a homogeneous phase. As a consequence, the draw solutes can be dissolved stably in an aqueous solution below their LCST via ion-water interaction between cation/anions in the polymer chains and water molecules. 76, 77 However, when the solution temperature is higher than the LCST, the ion-ion interaction between the quaternary ammonium cation and sulfonate anion moieties is stronger than the ion-water interactions, causing the polymer chains to aggregate, and as a result, P[VBTBA][HS] forms a heterogeneous phase with water. As the solution temperature increases consistently, intra/intermolecular interactions become active between the nonpolar n-hexyl groups in P[VBTBA][HS], which causes aggregation and separation of the draw solute from the aqueous solution. 78,79
Desalination performance
To investigate the feasibility of the P[VBTBA][HS] for desalination applications using the FO process, water ux was measured using the P[VBTBA][HS] as a draw solution and 0.6 M NaCl solution as a feed solution. The water ux under the simulated seawater condition was also measured in the AL-FS mode, which is the same method except for the feed condition, as previously described in this paper. The water ux at 0.6 M NaCl feed was measured to be approximately 0, 1.53, 2.45, and 2.91 LMH at concentrations of 5, 10, 15, and 20 wt% of P[VBTBA] [HS], respectively (Fig. 9 ). The water uxes using 0.6 M NaCl as a feed solution in the FO process were measured to be lower than those of pure water as a feed solution in the measured concentration range. Different water uxes with same draw solution depending on the salinity of the feed solution is ascribed to the osmotic pressure difference between the feed and draw solutions across the membrane. 37 Water uxes using the 0.6 M NaCl as a feed solution decrease to approximately 50%, as compared with those using pure water as a feed solution under the same condition. Therefore, we believe that the draw solute proposed in this study can sufficiently produce pure water at the simulated seawater condition (0.6 M NaCl used as a feed solution). In addition to the desalination technology, the novel and next-generation polymeric draw solute, P[VBTBA] [HS] , is expected to be applied in various water treatment processes including in niche market such as rare element recovery and oil separation. 
Conclusions
Conflicts of interest
There are no conicts to declare.
